We compare the net greenhouse gas emissions impact of substituting natural gas for other fossil fuels for five purposes: light-duty vehicles, transit buses, residential heating, electricity generation, and export for electricity generation overseas. Emissions are evaluated on a fuel cycle basis, from production and transport of each fuel through end use combustion, based on recent conditions in the United States. To compare across sectors, the emissions difference between natural gas and its alternative is normalized by natural gas consumption to compute the net reduction in CO 2 e per MJ of natural gas used. Greatest emission reductions can be achieved by replacing existing coal-fired power plants (78 g CO 2 -e/MJ natural gas) or fuel oil furnaces (66 gCO 2 e/MJNG). Compressed natural gas in vehicles yields no significant reductions.
Introduction
Recent advances in drilling technologies, including hydraulic fracturing and horizontal drilling, have vastly expanded the availability of natural gas resources. Marketed natural gas production in the United States has grown from 18.9 trillion cubic feet (tcf) in 2005 to 27.3 tcf in 2014 (U.S. Energy Information Administration (EIA)). By 2040 under current policies, U.S. natural gas production is expected to grow by 39 percent [US-EIA, 2015a] , while global natural gas demand is expected to grow by 69 percent [IEA, 2014] .
A distinct feature of natural gas is that its use is spread across the sectors of the energy economy [IEA, 2011; US-EIA, 2015a; , in contrast to oil (used primarily for transportation) or coal (used primarily for electricity generation). Electricity generation is the leading sector of U.S. natural gas consumption, and most of the increased consumption to date has reflected a shift from coal to natural gas power plants [ US-EIA, 2015a] . Meanwhile, natural gas is the most widely used fuel for residential space heating [US-DOE, 2012b] , competing primarily with electric heat pumps in some regions and replacing fuel oil furnaces in others. However, percentage growth rates are expected to be fastest in the transportation sector, where natural gas substitutes for petroleum-based fuels [US-EIA, 2015a] . Another use with potentially rapid growth is liquefied natural gas (LNG) for export, as the U.S. Department of Energy considers dozens of applications to export LNG [GAO, 2014] .
The distribution of natural gas across these uses will be influenced not only by market forces but also by various existing and proposed policies. The U.S. Environmental Protection Agency (EPA) has proposed rules for CO 2 emissions from new and existing power plants that are expected to accelerate the shift from coal to natural gas [US-EPA, 2013b; . These power plant rules are part of an overall effort to mitigate greenhouse gas (GHG) emissions nationally.
Meanwhile, in the U.S. Congress, legislative proposals have sought to spur greater use of natural gas for transportation (H.R. 1380: New Alternative Transportation to Give Americans Solutions Act of 2011) or to foster increased exports (S. 192 : Expedited LNG for American Allies Act of 2013). At the state and local level, some states provide financial incentives for replacing old fuel oil furnaces with new natural gas furnaces, and some transit agencies have committed to purchasing compressed natural gas (CNG) buses.
The myriad of policies that may affect natural gas deployment across sectors provides impetus for assessing how different uses of natural gas may impact greenhouse gas emissions.
Broad-scale energy systems modeling studies have projected that more abundant natural gas will only slightly impact aggregate greenhouse gas emissions, as the benefits of replacing dirtier fossil fuels are offset by the displacement of nuclear and renewables and the stimulation of energy consumption due to lower prices [McJeon et al., 2014; Newell and Raimi, 2014] . While these economy-wide studies attempt to project the overall response of energy systems to growing availability of natural gas, direct substitution studies are needed to quantify the net emissions impacts of specific natural gas substitutions and thereby inform policies that could influence those substitutions. Three direct substitution studies all showed far more favorable net impacts for replacing coal-fired electricity than for replacing gasoline or diesel vehicles [Alvarez et al., 2012; A. Burnham et al., 2012; Venkatesh et al., 2011b] . However, residential uses and exports of natural gas were not considered in those comparisons.
Here, we conduct direct substitution analyses for a larger range of natural gas deployment options than has been considered previously, including home heating and exports along with vehicles and power plants that have been more widely studied. Substitutions are evaluated based on recent conditions in the United States, using the metric of grams CO 2 equivalent reduced per megajoule of natural gas consumed (gCO 2 e/MJNG) [Venkatesh et al., 2011b ] to facilitate comparisons across sectors. We quantify how results vary with alternate assumptions for the "upstream" emission rates from natural gas production and transport, given the substantial uncertainty in the rate of methane (CH 4 ) leakage and other emissions from natural gas production [Allen et al., 2013; Howarth et al., 2011; Petron et al., 2012; US-EPA, 2013a] and from distribution infrastructure [Alvarez et al., 2012; Jackson et al., 2014; Lamb et al., 2015; McKain et al., 2015; Peischl et al., 2013; Phillips et al., 2013; Wennberg et al., 2012] . Thus, our results will show how the net greenhouse gas emissions impacts of natural gas depend on both uncertainty in upstream emissions and deployment choices, considering a wider range of substitutions than previous studies.
Methods
Five possibilities for the substitution of U.S. produced natural gas for other fossil fuels are considered here: (1) compressed natural gas (CNG) to replace gasoline for light-duty vehicles, (2) CNG to replace diesel for transit buses, (3) natural gas furnaces to replace heating oil furnaces or electric heat pumps for residential heating, (4) natural gas to replace coal for domestic electricity generation, and (5) shipment of liquefied natural gas (LNG) to replace coal for electricity generation in Japan. These options were chosen because electric power and residential are the first and third largest sectors of U.S. natural gas consumption, respectively [US-EIA, 2015b] , and because of the large potential for growth in use by the transportation sector [US-EIA, 2015a] and LNG export [GAO, 2014] , with Japan by far the world's leading importer of LNG [International_Gas_Union, 2014] . Although non-electric industries are the second largest sector of consumption [US-EIA, 2015b ], this comprises a wide range of uses that is less readily assessed as substitutions.
In each scenario, we compute the average emission rates for each option to provide the same energy service (e.g., vehicle mile traveled (VMT) or kWh electricity generated). This contrasts to consequential life cycle analysis, which incorporates economic modeling to characterize the marginal unit displaced along with rebound effects and other factors [Earles and Halog, 2011], or energy systems modeling of broad-scale shifts across sectors [McJeon et al., 2014; Newell and Raimi, 2014] . Our approach is instead consistent with and expands upon the options considered in previous attributional fuel cycle analyses [Alvarez et al., 2012; A. Burnham et al., 2012; Venkatesh et al., 2011b] , and is best suited for direct comparison of specific uses and technologies.
For consistency across sectors, we focus our evaluations on the complete fuel cycle (i.e., "well-to-wheels" or "well-to-wires"), including emissions from the production and distribution of the fuel and its end use combustion (Figure 1 ). Note that compression is needed only for the CNG vehicles, and that power plants are assumed to avert local distribution by obtaining natural gas from major pipelines. Consistent with previous fuel cycle analyses, our scope excludes manufacture or disposal of vehicles, furnaces, or power plants and the construction of pipeline or refueling infrastructure. Data are expressed per MJ higher heating value, except where otherwise noted. CO 2 equivalent emissions are computed by scaling methane and nitrous oxide by 36 and 298 (100-year global warming potentials (GWP) from IPCC [IPCC, 2013] 2012] , and from Abrahams et al. (2015) for LNG (Table 1 ).
These papers were chosen for their consistency of methods across fuels and because they quantified 5 th -95 th percentile uncertainty ranges. The baseline emission estimates from the Venkatesh papers are sufficiently similar to the GREET inputs that they would have yielded differences of only 0-3% if used for the light-duty vehicle calculations.
The Venkatesh estimates for methane emissions from upstream processes are equivalent to a natural gas leak rate of 2.2% (1.5 -3.0%). This range encompasses the leak rate estimates from most recent studies [A. Burnham et al., 2012; Hultman et al., 2011; Jiang et al., 2011] , including a 1.7% leak rate in the latest U.S. EPA inventory [US-EPA, 2014b] . Most studies based on atmospheric measurements have estimated overall U.S. methane emissions to be about 1.25 -1.75 times the EPA inventory [Brandt et al., 2014] , although the ratio specific to natural gas emissions is uncertain.
Light-duty Vehicles
Comparisons for CNG-and gasoline-powered light-duty vehicles were conducted with the December 2012 release of GREET, a life cycle model developed by Argonne National
Laboratory for estimating the emissions and energy use of vehicles [A Burnham et al., 2006] .
GREET consists of two components to cover the full life cycle of a vehicle and the fuel that it uses. The fuel cycle model computes "well-to-wheels" energy use and emissions per mile of vehicle use, accounting for "well-to-pump" processes of fuel extraction, processing and distribution along with "pump-to-wheels" operation of the vehicle. The vehicle cycle model computes energy and emissions associated with the manufacture and disposal of a vehicle. The vehicle cycle model does not distinguish between CNG and gasoline vehicles, and estimates that manufacture of a gasoline hybrid vehicle generates only 2 g/km more CO 2 e than a conventional vehicle (assuming a 260,000 km vehicle lifetime). Since this difference in vehicle cycle emissions is small compared to differences in fuel cycle emissions, and to maintain consistency with our substitution scenarios in other sectors, only fuel cycle emissions are considered here.
Because of its availability in gasoline, gasoline hybrid, and CNG form, the Honda Civic was chosen as the basis for comparison, with fuel economy taken from www.fueleconomy.gov for Model Year 2013 (Table 1) . In-use methane leaks (including driving and refueling) from the CNG vehicle were assumed to be 0.6% [Alvarez et al., 2012; Victor, 1992] . Other inputs were taken from the Year 2015 default conditions of the December 2012 release of GREET.
Transit Buses
Fuel economy estimates for CNG and diesel powered 40-foot transit buses were taken from a National Renewable Energy Laboratory survey of U.S. transit agencies (Table 1 ) [NREL, 2010] .
The survey found a 20% efficiency penalty for CNG relative to diesel and a similar 21% penalty in 60-foot buses, but noted claims by manufacturers that new CNG engines can achieve penalties of 10% or less. The penalty refers to the shorter distance traveled by CNG buses than diesel buses per gallon of diesel equivalent, assuming 1.37 therms CNG per gallon of diesel. Upstream and combustion emission rates for each fuel were taken from the Venkatesh studies (Table 1) .
Residential Heating
We consider three options for residential heating: natural gas furnaces, fuel oil furnaces, and electric heat pumps. New furnaces are assumed to meet the Energy Star standards for annual fuel utilization efficiency (AFUE) for non-weatherized furnaces: 95% for natural gas and 85% for fuel oil (Table 1) . We also consider the scenario of a new natural gas furnace replacing a fuel oil furnace from the 1970s, when AFUE of roughly 65% was typical [US-DOE, 2012a] . Fuel cycle emissions per unit of natural gas or fuel oil consumed are taken from the Venkatesh studies as shown in Table 1 . 
Domestic Electricity Generation
Fuel cycle emissions are compared for both existing and new natural gas and coal-fired power plants. For existing facilities, direct emission rates (983 gCO 2 e/kWh for coal, 429
gCO 2 e/kWh for natural gas, almost all of it as CO 2 ) and heat rates (Table 1) 
Export for Overseas Electricity Generation
Although the U.S. has historically been an importer of LNG, the growing abundance of natural gas has prompted dozens of proposals to construct LNG export terminals, most of them proposing sites on the Texas or Louisiana coast [GAO, 2014] . We consider export of LNG from the Sabine Pass Louisiana LNG Terminal, the first terminal approved by US DOE for export by LNG tanker [GAO, 2014] . The LNG is assumed to be shipped to Japan, the world's largest importer of LNG [International_Gas_Union, 2014] . Thermal efficiencies (48.3% for natural gas;
41.3% for coal) and direct emission rates (411 gCO 2 e/kWh for natural gas; 825 gCO 2 e/kWh for coal) for Japanese power plants are taken from Ecofys data for 2010 (Table 1) [Ecofys, 2013] , the most recent year available. Emissions estimates for LNG production, liquefaction, shipping, and regasification (Table 1) are taken from a recent study which focused specifically on life cycle emissions for LNG exports from the U.S. to Japan and other countries . . Transport of natural gas and coal within Japan is neglected.
Coal is assumed to be obtained from Australia, with overseas transport emissions taken from [Hardisty et al., 2012] for Australia-China coal export, scaled based on the heat rate of Japanese power plants and the approximately 20% longer travel distance to Japan. This yields an overseas transport estimate of 32.1 gCO 2 e per kWh e , which is added to the emission rates for other processes.
Results and Discussion

Comparisons within Sectors
Vehicle options are first compared on the basis of well-to-wheels emissions per kilometer driven. GREET estimates that well-to-wheels emissions for a CNG Civic and a conventional Civic achieves 27% lower well-to-wheels emissions than the CNG or conventional gasoline options, due to its better fuel economy. The emissions estimates for the CNG and gasoline vehicles are consistent with those reported by [A. Burnham et al., 2012] , adjusted for the fuel economy of the newer model year considered here and the higher GWP for methane. Our estimate of equal emissions from CNG and conventional gasoline cars contrasts with [Luk et al., 2015] , who reported 20% lower GHG emissions from CNG. However, that study assumed a lower GWP for methane, a lower in-use leak rate for natural gas, and that CNG vehicles achieve better fuel economy than gasoline vehicles, contradicting the opposite pattern shown for Honda Civics in U.S. EPA data (www.fueleconomy.gov, last accessed July 21, 2015).
We can assess the extent to which the emissions estimates depend on uncertain upstream emission rates by considering the 5 th -95 th percentile range for upstream processes for both natural gas and petroleum from the Venkatesh papers (Table 1) . This leads to overall well-to-wheels emissions estimate ranges of 206-241 gCO 2 e/km for gasoline, 197-253 gCO 2 e/km for CNG, and 150-176 gCO 2 e/km for the hybrid Civic (error bars in Figure 2 ). Thus, while the hybrid achieves the lowest emissions, the differences between CNG and conventional gasoline are well within the uncertainty of upstream emissions. That differences between GHG emissions of CNG and conventional gasoline vehicles are within the uncertainty of input assumptions is consistent with other studies [Alvarez et al., 2012; A. Burnham et al., 2012; Venkatesh et al., 2011b] .
For buses, our analysis using the baseline data from Table 1 estimates that CNG buses emit 12% more well-to-wheels CO 2 e than diesel, as the efficiency penalty of CNG more than offsets its smaller carbon footprint per joule (Figure 2 ). This difference in emissions is within the 5 th -95 th percentile range of upstream emissions indicated by the error bars in Figure 2 . If new technology can indeed narrow the efficiency penalty from 20% to 10%, CNG would achieve a baseline emission rate nearly identical to diesel. Our results are consistent with a recent study that found the 100-year GHG impacts of CNG and diesel trucks to be very similar, with the ranking depending on the assumptions for efficiency penalty (the study considered a 0-20% range) and natural gas leak rate (0-4% range) [Camuzeaux et al., 2015] .
Residential heating options are evaluated in terms of fuel cycle emissions per MJ of heat supplied to the home. Since natural gas furnaces achieve higher efficiency than fuel oil while using a less carbon-intensive fuel, their emissions are substantially lower (Figure 3 ). Natural gas furnaces meeting the Energy Star standard emit roughly 32% less greenhouse gases than their fuel oil counterparts under baseline assumptions. Even greater emission reductions (48%) can be achieved by replacing an old fuel oil furnace with an Energy Star natural gas furnace. All of these savings are well beyond the 5 th -95 th percentile uncertainty range associated with upstream emissions for fuel oil and natural gas (error bars in Figure 3 ).
Emission rates are much closer for natural gas furnaces and electric heat pumps. Based on national average electricity conditions described in Section 2.3, fuel cycle CO 2 e/MJ heat emission rates for Energy Star electric heat pumps (81 g) are within the range of estimates for Energy Star natural gas furnaces given uncertainty in upstream natural gas emissions (74 g best estimate; 66-83 g range). As noted in Section 2.3, emission rates for electricity generation vary by more than a factor of two between electric power markets. An electric heat pump powered by electricity from the Northeast Power Coordinating Council would be estimated to generate 46 gCO 2 e/MJ heat , compared to 111 gCO 2 e/MJ heat for the Southwest Power Pool. Climatic differences would also affect the performance of the electric heat pumps, which achieve greatest efficiency in moderate temperatures. Furthermore, emissions rates for electricity are likely to decline with time under U.S. EPA proposed policies limiting emissions from new and existing power plants [ US-EPA, 2013b; . Thus, the relative emissions of natural gas furnaces and electric heat pumps will vary strongly with location and time.
Power plant options are evaluated in terms of fuel cycle ("well-to-wire") emissions per kWh of electricity generated, based on the assumptions in Section 2.4 and (Figure 4 ). This substantial emissions savings for natural gas results from its lower carbon intensity and greater efficiency for generating electricity. Based on the lower heat rates expected to be achieved by new power plants (Table 1) , we estimate that well-to-wire emission rates would be 487 (439-542) gCO 2 e/kWh for advanced combined cycle natural gas, and 896 (842-1021) for coal without carbon capture (Figure 4) Electricity generated in Japan from U.S. exported LNG is estimated to have a fuel cycle emission rate of 790 (644-935) gCO 2 e/kWh (Figure 4) . Here, the range reflects the 5 th -95 th percentile range from for natural gas production and LNG-specific processes (liquefaction, shipping, and regasification) from ( Table 1 ). The base estimate represents a 15% emission saving relative to our base estimate for Japanese coal-fired electricity generation, as the greater efficiency and lower carbon intensity of natural gas relative to coal more than offsets the emissions associated with LNG processes.
Comparisons across Sectors
Computing the net amount of emission reduction per unit of natural gas used (gCO 2 e/MJNG) allows for meaningful comparisons of net impacts for alternate deployments of natural gas across sectors. We define natural gas use in terms of the amount directly consumed by the car, bus, furnace, power plant, or export liquefaction facility. This neglects natural gas use that is embedded in the production, processing, and transport of each fuel, but allows for more straightforward comparisons on a delivered to consumer basis. We focus our uncertainty analysis on the impact of uncertainty in natural gas upstream emissions, using the Venkatesh and
Abrahams 5 th -95 th percentile ranges described above and in Table 1 . Uncertainty in other fuels is ignored, to focus attention on natural gas upstream emissions that are an active area of scientific research and a potential target for abatement measures.
Use of natural gas in power plants or furnaces yields far greater emission savings than the CNG vehicle options (Table 2 and Figure 5 ). This occurs primarily because furnaces and power plants use natural gas more efficiently than other fuels, whereas CNG vehicles are less efficient than their petroleum-fueled counterparts and require local distribution and compression of natural gas. Estimated savings from replacing existing coal-fired electricity with natural gas are 78 (71-85) gCO 2 e/MJNG for new combined cycle plants, and 50 (42-56) gCO 2 e/MJNG for existing power plants. Natural gas is estimated to save 34 (25-41) gCO 2 e/MJNG in comparisons of new residential furnaces meeting Energy Star standards (Table 2) . Even greater reductions, 66
(58-74) gCO 2 e/MJNG, could be achieved by using Energy Star natural gas furnaces to replace old oil furnaces (Table 2) . However, natural gas furnaces save only 8 (-2-19) gCO 2 e/MJNG relative to electric heat pumps on a national average basis, due to the high efficiency of that option. As noted in the previous section, emissions associated with electric heat pumps are likely to vary substantially by region and over time.
The sign of the net emissions impact for CNG Civics or buses is each within the uncertainty range from upstream natural gas processes (Table 2 and Figure 5 ). Our base estimate of nearly identical emissions for the CNG and conventional gasoline Civic (Table 2) is consistent with the estimate from [Venkatesh et al., 2011b] that CNG would save a slight 6 gCO 2 e/MJNG, with the difference arising from our assumption of a higher GWP for methane and a higher in-use methane leak rate from CNG vehicles. We estimate that CNG buses emit about 9 gCO 2 e/MJNG more on a life cycle basis than diesel buses under base assumptions, within the uncertainty range of upstream emissions, and that this difference would disappear if the efficiency penalty for CNG can indeed be reduced from 20% to 10%.
The one vehicular use of natural gas that could yield substantial savings of CO 2 e emissions would be to power vehicles with electricity generated from natural gas. Based on a 2013 Nissan Leaf electric vehicle, GREET computes emission savings of 41 or 52 gCO 2 e/MJNG relative to a conventional gasoline Civic if the electricity originates from existing natural gas power plants or new combined cycle facilities, respectively. The emission savings would be far smaller (13 or 20 gCO 2 e/MJNG, respectively) if the electric Leaf is instead compared to a hybrid gasoline Civic.
Greater emissions associated with manufacturing the electric vehicle and its battery would cut these savings by 4 or 3 gCO 2 e/MJNG relative to the conventional or hybrid vehicle, respectively, based on GREET2 vehicle cycle model calculations for a 260,000 km lifespan. The limited range and smaller size of the Leaf relative to the Civic make this an inexact substitution in terms of operating characteristics. However, the scenario highlights a more efficient potential path for powering vehicles with natural gas.
Additional Uncertainty Analyses
While the uncertainty ranges presented in Table 2 and Figure 5 represent the influence of 5 th -95 th percentile estimates for natural gas upstream emissions under a methane GWP of 36, some other studies have specifically quantified the methane leak rates from natural gas or used alternate GWP for methane. Thus, it can be informative to consider the sensitivity of results to assumptions of methane leak rates and methane GWP.
The methane emissions from natural gas that have been assumed so far (Table 1) are equivalent to a 2.0% (1.4-2.7%) leak rate from production and processing and 0.2% (0.1-0.5%) from local distribution. Based on our assumed methane GWP of 36 and an assumption that methane constitutes 93% of delivered natural gas [Alvarez et al., 2012] , each one percentage point change in leak rate is equivalent to 6.4 gCO 2 e/MJNG. Changes in the assumed leak rate from production and processing affect scenarios uniformly by this factor, whereas power plants avert local distribution and thus are unaffected by that component.
Applying these adjustments, leak rates of 2.2% and 0.9% (not including the assumed 0.6% in-use leak rate from vehicles) would represent the break-even points for CNG to achieve lower fuel cycle emissions than conventional gasoline cars and diesel buses, respectively (Table 2) . This is consistent with the findings of Alvarez et al. (2012) , who put the break-even points at 3.8% and 1.7%, respectively, while assuming a lower GWP of 25 for methane. For the furnace and electricity scenarios, natural gas would retain its emission advantage even if assumed overall leak rates were more than tripled ( Table 2 ).
The ranges of methane leak rates to consider remain a subjective choice. For production and processing, the Venkatesh-based range (1.4 -2.7%) encompasses the baseline estimates of most other studies [Brandt et al., 2014; A. Burnham et al., 2012; Jiang et al., 2011; Stephenson et al., 2011; US-EPA, 2014b] , but is below the approximately 4% leak rate from production-only for a field study in Colorado [Petron et al., 2012] or the 3.6-7.9% estimated by Howarth [Howarth et al., 2011] . As noted earlier, the latest U.S. EPA inventory [US-EPA, 2014b] estimates a 1.7% leak rate, but most studies based on atmospheric measurements have estimated overall U.S. methane emissions to be about 1.25 -1.75 times the EPA inventory [Brandt et al., 2014] . For local distribution, the Venkatesh estimate (0.2%) is consistent with U.S. EPA inventories and [Lamb et al., 2015] , but far less than indicated by some other studies [Jackson et al., 2014; Phillips et al., 2013; Wennberg et al., 2012] , including an estimate of up to 2.5-6% for Los Angeles [Wennberg et al., 2012] . Substituting a 2.5% local distribution leak rate for the 0.2% assumed here would cut emission savings estimates in Table 2 by 15 gCO 2 e/MJNG for the affected scenarios (i.e., furnaces and any CNG refueling stations that require local distribution).
Thus, alternate assumptions for local distribution leaks could substantially influence the relative performance of scenarios across sectors.
The choice of the global warming potential for methane can also impact results. Here, we have adopted the convention of using 100-year GWP, and used the latest available estimate of 36 recommended by IPCC (2013), which includes the carbon-climate feedback and oxidation of fossil fuel methane to CO 2 . However, many analyses and emission inventories by U.S. EPA and others continue to use the 100-year GWP of 25 from the previous IPCC assessment (2007), or neglect the carbon-climate feedback when applying the GWP value from the latest IPCC assessment. Since IPCC (2013) suggests that the 100-year GWP of methane is uncertain by ±40%, we consider the impact of adjusting our base case methane GWP assumption by 40%.
This change would impact the estimated emission savings of each vehicle or furnace option by 5-7 gCO 2 e/MJNG, and power plant options by about 2-3 gCO 2 e/MJNG ( Table 2 ). The impact of methane GWP on the power plant substitutions is smaller because they avert leaks from local distribution and in-use vehicles and because upstream coal processes emit some methane.
Analyses could also be conducted using other time horizons for GWP, or other metrics such as global temperature change potential [IPCC, 2013] . Since the recommended 20-year GWP of methane is 87 [IPCC, 2013] , substituting this value for the base 100-year GWP would impact results by 3.5 times the amounts shown in Table 2 for the 40% change in GWP.
Conclusions
The results presented here demonstrate that the net emissions impact of natural gas depends strongly on the use for which it is substituted. Far greater emission savings may be achieved by deploying natural gas to replace coal-fired electricity or fuel oil furnaces, rather than cars or buses. New combined cycle power plants provide especially large emission savings if used to replace existing coal electricity. Replacement of old fuel oil furnaces with new natural gas furnaces represents another potent option for achieving CO 2 reductions in regions where fuel oil is still widely used.
Despite the uncertainties arising from uncertain upstream emissions and the GWP of methane (Table 2 and Figure 5 ), the ranking of substitution options in terms of net GHG reduction is likely to be robust because it reflects fundamental differences. Natural gas furnaces and power plants have higher thermodynamic efficiencies than fuel oil furnaces and coal power plants, whereas CNG vehicles have lower efficiencies than gasoline or diesel vehicles. Meanwhile, domestic power plants are not impaired by the methane leaks associated with in-use CNG vehicles, local distribution of natural gas, or overseas shipping of LNG. Furthermore, the coal displaced at power plants is more carbon intensive than the petroleum displaced in vehicles or furnaces. Taken together, these considerations mean that deployments of natural gas to replace coal electricity and fuel oil furnaces are almost certain to achieve more emission reductions than LNG export or CNG vehicles, despite the uncertainties in exact magnitudes of impacts.
These findings have relevance to informing policies that could affect how natural gas is used across sectors. Proposed legislation has sought to expedite the export of natural gas (S. 192, 2013) or subsidize its use in CNG vehicles (H.R. 1380, 2011) -the two uses with the least favorable emissions impacts. To the extent that such efforts redirect natural gas away from power generation and residential heating, they may miss opportunities for emissions savings.
CNG vehicles and LNG export also require construction of costly new refueling and liquefaction infrastructure that cannot be repurposed as market conditions evolve. By contrast, policies to regulate or price greenhouse gas emissions would tend to favor deployment of natural gas to uses yielding the greatest emissions savings, such as replacement of coal electricity and fuel oil furnaces based on our results.
Upstream emissions from natural gas production and delivery remain highly uncertain and influence impact estimates. If methane leaks from local natural gas distribution have indeed been underestimated [Jackson et al., 2014; Phillips et al., 2013; Wennberg et al., 2012] , this would further favor deployment to power plants (which obtain gas directly from major pipelines) over options requiring local distribution. Leaks in local distribution have been studied far less than those from natural gas production, and are expected to be neglected in regulations under development by US EPA that focus instead on methane leaks from natural gas production [Davenport, 2015] . A study in California found local distribution to be the largest and most uncertain contributor to methane leaks from natural gas [Jeong et al., 2014] , but a recent national study found lower than expected emissions from local distribution [Lamb et al., 2015] . The uncertainty of emissions from local distribution and their differential nature across deployment options suggest a need for further research to quantify the rate of these leaks.
Rough calculations can be used to compare the potential importance of natural gas deployment choice and of upstream controls for greenhouse gas emissions. gas are among the most cost-effective greenhouse gas reduction strategies [Shindell et al., 2012] , Future research could extend beyond the fuel cycle greenhouse gas impacts considered here to include the manufacture/construction and disposal phases of the life cycle, as well as other environmental impacts such as air pollution and water consumption. Future work also could apply energy systems modeling to explore how greater deployment of natural gas to each sector affects prices and consumption of natural gas and other fuels in that and other sectors. Such modeling could consider how natural gas competes not only with the fossil fuel uses considered here but also with lower-emitting renewable energy options. For example, life cycle emissions for wind electricity are estimated to be less than 20 gCO 2 e/kWh [Weisser, 2007] , compared to the 487 or 608 gCO 2 e/kWh estimated here for new or existing natural gas electricity. Thus, any displacement of renewable electricity by natural gas could quickly offset the benefits of replacing coal. Nevertheless, the direct comparisons conducted here across various substitution scenarios highlight the importance of considering the end use of natural gas along with its origin in addressing the net climate impacts of this newly abundant fuel.
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